A highly selective organic phosphates analyzer was developed based on a column-switching technique using a titania (Ti02) precolumn and an anion-exchange analytical column. In the preliminary examination, it was proved that the titania column strongly retains the organic phosphates under acidic conditions while it shows no retention in alkaline eluents. Based on these findings, the organic phosphates were selectively trapped on the titania precolumn in an acidic eluent, transferred to an anion-exchange column by a basic eluent and detected by coloration after a postcolumn phosphomolybdic acid reaction. When 25.0 µM each of phospho-amino acids solution was determined (injection volume, 100 µl), the relative standard deviations were 2.3 -2.8% (n=5). The detection limits (S/ N=3) of the phosphoamino acids were ca. 2.0 µM as the injected concentration. The present analyzer was successfully applied to the analysis of the phosphorylation products of a heptapeptide (kemptide).
Various types of organic phosphates, such as sugar phosphates, phospho-amino acids and nucleotides, are playing important roles in living organisms. A coupled high performance liquid chromatography (HPLC) and flow injection analysis (FIA) system, involving hydrolysis by sulfuric acid and successive conversion of the resultant orthophosphates to heteropoly blue complex with a molybdenum reagent, was developed for the separation and detection of nucleotide H-phosphonates.l High performance anion exchange chromatographic determinations of phospho-amino acids and inositol phosphates have been carried out with either ultraviolet, radioisotopic2, and conductometric detection3, or postcolumn derivatization with 2-(4-pyridylazo)resorcinol and Y3+,4 However, none of them has general applicability to organic phosphates. In the previous communication, we explained an analyzer applicable to all types of organic phosphates in principle using high performance anion-exchange chromatography and a postcolumn phosphomolybdic acid reaction.5,6 However, when the actual samples were repeatedly analyzed, the column life of the analyzer seemed not to be long because of lack of a guard column. In the present work, therefore, we aimed to utilize one property of titania, that it selectively adsorbs centrate them prior tography.
organic phosphates ''8, to to the anion-exchange preconchroma-
Experimental
Materials and reagents Titania (average particle size, 2 µm) was kindly donated by Toho Titanium Co., Ltd. (Tokyo, Japan). Titania was packed in a stainless steel tube (4.6 mm i.d.X 50 mm or 4.0 mm i.d.X4.0 mm) by a slurry method. All reagents used were guaranteed grade and were used without further purification.
HPLC system
A TRIROTAR-VI (JASCO, Tokyo, Japan) was used. Carbonate buffer (10 mM) was used as an eluent at a flow rate of 1.0 ml min'.
The titania precolumn was maintained at room temperature.
Acid hydrolysis of phosvitin
Phosvitin, a phosphoprotein was hydrolyzed in 5.7 M HCl at 110° C for 3 h.
Peptide phosphorylation cGMP-dependent protein kinase was dissolved in a storage buffer containing 10 mM KH2PO4 (pH 6.8), 1 mM EDTA, 25 mM /3-mercaptoethanol, 150 mM t To whom correspondence should be addressed .
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NaC1,12% sucrose (Seikagaku Kogyo Co., Ltd., Tokyo, Japan) . A phosphate acceptor peptide, kemptide (LeuArg-Arg-Ala-Ser-Leu-Gly; Funakoshi Co., Ltd., Tokyo, Japan) was dissolved at a concentration of 200 µM in the reaction buffer containing 40 mM Tris-HC1 (pH 7.4), 20 mM (CH3000)2Mg, 200 µM ATP and 2 µM CAMP. Twenty microliters of the cGMP-dependent protein kinase (5000 U) and 500 µl of the peptide solution were mixed and incubated at 37° C for 30 min. The aliquot (100 µl) of the reaction mixture was injected.
Analysis of peptide fragments Amino acid analysis was performed by the modified o-phthalaldehyde-sodium hypochlorite (OPA-NaOCI) method9 using an IEX-215 column (4.6 mm i.d.X50 mm, Tosoh, Tokyo). A 477A Protein Sequencer (Applied Biosystems Inc., Foster City, CA, USA) was used for the sequential analysis of peptides.
Results
and Discussion
Retention behavior of organic phosphates on the titania column Although phosphate buffer is most effective to desorb organic phosphates adsorbed on titania, it cannot be used because of its interference with the phosphomolybdic acid reaction in the organic phosphates analyzer. Therefore, the factors which affect the retention of organic phosphates were examined by using carbonate buffer. At first, it was found that pH dramatically affects the retention of some organic phosphates used as model compounds such as GMP, GDP, adenosine 5'-monophosphate (AMP) and 0-phospho-DL-tyrosine (PTyr) ( Table 1 ). The results listed in Table 1 suggest that acidic eluents are effective to adsorb organic phosphates on titania, while alkaline eluents are favorable to desorb organic phosphates from titania. In addition to pH, the salt concentration of buffer controlled the retention of organic phosphates on titania. For example, the higher the borate concentration (pH 8.0) was, the less the retention became ( Table 2) .
Optimization of the column-switching condition Using P-Tyr and tyrosine (Tyr) as model compounds, the condition for the column-switching between the titania precolumn and the anion-exchange analytical column was optimized ( Fig. 1 ). An acidic aqueous solution of 0.015% trifluoroacetic acid (TFA) (pH ca.2.7) was employed for adsorbing organic phosphates on the titania precolumn (4 mm i.d.X4 mm). The TFA solution was delivered as a carrier at a flow rate of 0.5 ml min'.
The sample containing organic phosphates was injected through valve B (position-1) and transferred to the titania precolumn (valve A, position-1). After washing the titania column with the TFA solution, the valve A was switched to the position-2 to elute organic phosphates with the alkaline eluent, i.e. 50 mM borate buffer (pH 8.0) containing 50 mM NaCI (flow rate: 0.5 ml min'). Figure 2 depicts the relationship between the desorption time and the amount of P-Tyr transferred to the analytical column; the desorption time was set for 1.0 min. After the organic phosphates were transferred to the analytical column, the valve A was switched to the position-1. Then, the titania precolumn was washed by pumping 100 mM borate buffer solution (pH 9.0) for 5 min and H2O for 15 min, and it was finally equilibrated by delivering the TFA solution for 20 min (flow rate was 0.5 ml min 1 in all cases). Although the exchange of eluents was carried out manually in this system, the automated operation will be easily realized by using a solvent delivery device. Figure 3 illustrates the effect of the column-switching technique. A mixture of Tyr and P-Tyr was injected Table 1 Effect of pH on capacity factors (k') of organic phosphates and related compounds on a titania column Column, TiO2 (4.6 mm i.d.X50 mm); column temperature, ambient; eluent, 10 mM carbonate buffer; flow rate, 1.0 ml min-1; detection, 254 nm; n.e.=not eluted (k'>30.6); cGMP , guanosine 3',5'-cyclic monophosphate; GMP, guanosine 5'-monophosphate; GDP, guanosine 5'-diphosphate; CAMP, adenosine 3',5'-cyclic monophosphate; AMS, adenosine 5'-monosulfate; AMP, adenosine 5'-monophosphate: Tyr, tyrosine; P-Tyr, 0-phospho-DL-tyrosone. Table 2 Effect of concentration of borate buffer (pH 8.0) on capacity factors (k') of organic phosphates and related compounds on a titania column Column, TiO2 (4.6 mm i.d.X50 mm); flow rate, 1.0 ml min-1; column temperature, ambient; detection, 254 nm.
when the valve B was at either position-2 (Fig. 3a , not through the titania precolumn) or position-1 (Fig. 3b , through the titania precolumn). In the case of Fig. 3a , the mixture was directly introduced to the analytical column to give two peaks of Tyr and P-Tyr.
On the contrary, Fig. 3b gave a single peak due to P-Tyr, indicating the selective retention of the organic phosphate on the titania precolumn. The recovery of P-Tyr from the precolumn was 62.2%.
Combination of the titania precolumn to the organic phosphates analyzer Based on the above findings, the titania precolumn was incorporated into the organic phosphates analyzer (Fig. 4) . The organic phosphates adsorbed on the titania precolumn were desorbed by delivering 50 mM borate buffer solution (pH 8.0) containing NaCI for 1 min. Then they were separated on an anion-exchange column (Asahipak NH2P-50; 4.6 mm i.d.X250 mm; temperature, 50° C) and detected after the acid-hydrolysis in 4.0 M H2SO4, followed by the phosphomolybdic acid reaction. The practicability of this analyzer was evaluated by analyzing a few samples. The separation of phospho-amino acids was achieved (Fig. 5 ) by employing either an isocratic elution with 50 mM borate buffer containing 170 mM NaCI, or a NaCI concentration gradient (Fig. 6) . The calibration curves for the phospho-amino acids gave a good linearity (correlation coefficient?0.995).
This method permitted the determination of phospho-amino acids in the range 3 -500 µM. The detection limits (S/ N=3) of the phosphoamino acids were ca. 2.0 µM as the injected concentration. When 25 µM each of the phospho-amino acid solution was repeatedly determined (injection volume, 100 µl; n=5), the relative standard deviations were 2.81% for P-Thr, 2.56% for P-Ser and 2.34% for P-Tyr. Figure 6 shows the HPLC profiles for the hydrolysis product of phosvitin (injection amount, 0.1 mg) monitored at 220 nm and 830 nm. As shown in Fig. ba , although several peaks were detected at 220 nm, the identification of phosphorylated peptides was very difficult because of the nonselective detection at 220 nm. On the other hand, the phosphomolybdic acid reaction revealed several peaks due to phosphorylated peptides in addition to P-Ser and Pi (Fig. 6b) . Finally, the analyzer was applied to the phospharylation products of a peptide (kemptide). As shown in Fig. 7a , the 30 min-incubation mixture of the control (peptide-free) contained fairly large amounts of ADP and Pi and trace AMP in addition to the starting organic phosphate, ATP. In the presence of the peptide substrate, a new peak appeared at around 24 min with concomitant decrease in ATP and increase in ADP (Fig. 7b) . The fraction corresponding to the new peak was collected at the outlet of the Asahipak NH2-P50 column, lyophilized and subjected to structural analysis. The hydrolysis of the sample in 5.7 M HCI at 110° C for 3 h gave P-Ser. The prolonged hydrolysis (48 h) followed by amino acid analysis gave a composition of (Leu)2, (Arg)2, Ala, Ser and Gly. From the sequential analysis, the sample proved to have a sequence of Leu-Arg-Arg-Ala-X-Leu-Gly, where X denotes a undetectable cycle, probably due to P-Ser. P-Ser was strongly adsorbed on the basic polybrene membrane, which did not allow us to extract the phospho-amino acid with butyl chloride. All of these data indicate that the principal of the new peak has the chemical structure drawn in Fig. 7b .
In conclusion, the present analyzer composed of the titania precolumn, the anion-exchange analytical column and the postcolumn reaction detector exhibited high selectivity to organic phosphates. This analyzer is expected to be widely applied to various purposes. The construction of a system for the analysis of phosphorylated membrane proteins is in progress in our laboratory. for phosphorylation are described in the experimental section.
of both valve A and pump-2 were the same as in Fig. 6 .
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